fullerene are shown to be weak ligands to a hard metal such as iron (III) in Fe(TPP) + cation (TPP ) tetraphenylporphyrinate). X-ray crystal structures of [Fe(TPP)-(C 6 H 6 )][CB 11 H 6 Br 6 ]‚3.5C 6 H 6 (1), [Fe(TPP)(C 7 H 8 )][CB 11 H 6 Cl 6 ]‚2C 7 H 8 (2), [Fe(TPP)(C 8 H 10 )][Ag(CB 11 H 6 Br 6 ) 2 ]‚ arene (3), and [Fe(TPP)(C 60 )][F 20 -BPh 4 ]‚2.5dichlorobenzene (4) show distinctively short Fe‚‚‚C contacts, in the range 2.65-2.95 Å, which distinguish ligation from π-π cocrystallized solvation. Dihedral angles between the arene and metalloporphyrin planes are also diagnostic of ligand versus solvate roles. The essential features of the arene coordination can be faithfully reproduced using density functional theory. In contrast to alkali metal cation/π-arene interactions, a component of the covalent bonding can be recognized. In a broader context, this study suggests that solvents such as benzene should always be viewed as potential ligands in the presence of coordinatively unsaturated cations. The common use in supramolecular chemistry of the term "noncovalent" to describe entities with metal-ligand bonds is viewed as misleading.
Introduction
The combination of modern theory and experiment is beginning to illuminate which fundamental forces are involved in the various classes of weak interactions of arenes with molecules and ions. Supramolecular chemistry, 1 crystal engineering, 2,3 protein structure, 4 enzymatic catalysis, 5 and organometallic catalysis 6 are some of the fields that will profit from a better understanding of these interactions.
The electron-rich nature of an arene HOMO lends itself to van der Waals, electrostatic, and covalent (donor) interactions. In the weak π bonding of arenes with hard metal cations, electrostatic forces typically predominate. 5 For example, approximately 60% of the binding energy of benzene to Na + is estimated to be electrostatic. 7 Induced dipoles are believed to be next most important. In the most well known of all weak arene interactions, face-to-face π-π stacking or solvation, it is becoming clear that van der Waals forces alone do not account for their wide existence. Attractive σ-π electrostatic forces, not easily recognized in nonpolar arenes because they are disguised as quadrupoles, 8 are important in defining the structures of π-π interactions. Particular success has been encountered with porphyrins. 9 In the π interactions of arenes with soft, main group metals such as Ag + and Tl + , some degree of covalent bonding must be important, 10,11 although the interaction remains relatively weak. The π complexation of arenes to phosphoazonium cations raises questions of electrostatic versus covalent contributions. 12 In the π complexation of electrophiles such as NO + to arenes, a charge-transfer interaction (i.e., covalence) is clearly an important component of the bonding. 13 In transition metal chemistry, η 2 π complexes of arenes to metals with partially filled d orbitals, e.g., Os(NH 3 ) 5 -(arene) 2+ , can have strong covalent bonding. 14 In organic chemistry, electrophiles can show strong covalent bonding to arenes in σ complexes (so-called Wheland intermediates), 15 although in the case of R 3 Si(toluene) + and (C 6 F 5 ) 3 Al(toluene), it has been suggested that these structure should be viewed as points on a continuum of hybrid structures between (strong) σ and (weaker) π ideals. 16 In a recent X-ray crystal structure, the first to apparently contain the long sought "free" Fe(TPP) + ion (TPP ) tetraphenylporphinate), 20 we observed a close interaction of an iron(III) porphyrin with a cocrystallized p-xylene molecule, derived from the solvent. Some features of the structure were typical of π-π solvation, but the short Fe‚‚‚C arene distance (2.89 Å) and the canting of the arene plane relative to the porphyrin plane (dihedral angle 13°) suggested the beginnings of η 2 metalligand covalent bonding. The structure was significantly different from that of [Mn(TPP)(H 2 O)][SbF 6 ]‚benzene, where the solvating arene was nearly coplanar with the porphyrin and the shortest Mn-C distance was 3.32 Å. 21 This raised the question of whether the arene in the iron complex was acting as a solvate or a ligand (or both). A few further questions arise: How well does molecular structure reflect the different bonding modes, and are they distinct? Although such bonding is obviously very weak, does it have a covalent component? If so, what are the relative contributions of van der Waals, electrostatic, and covalent bonding? In this paper, we explore these questions via systematic X-ray structural investigations on new weak complexes of Fe(TPP) + with arenes and with C 60 , together with calculations using nonlocal density functional theory.
Results and Discussion
Synthesis and Structure. Hexahalocarborane anions, CB 11 -H 6 X 6 -(X ) Cl, Br), or their silver complex ions, [Ag(CB 11 -H 6 X 6 ) 2 ] -, are very weakly coordinating anions with Lewis basicities similar to those of common arenes. 22 As a result, we can expect solvents such as benzene and toluene to compete with these anions for a vacant coordination site. In a labile system such as Fe(TPP)Y (Y ) weakly coordinating anion), the solution equilibrium of eq 1 can be biased to either side by crystal forces during crystallization.
By systematic variation of the anions, the nature of the arene solvent, and crystallization conditions, it is possible to isolate X-ray-quality single crystals of most of the possible combinations of neutral and ionic complexes. The neutral compounds Fe(TPP)(CB 11 H 6 Br 6 ) and Fe(TPP)(Ag(CB 11 H 6 X 6 ) 2 ) will be reported in a future publication, 23 in connection with their interesting magnetochemical properties. 24 Arene solvent interactions with Fe(TPP) + seem to be necessary for the crystallization of ionic rather than neutral complexes. They apparently displace the coordinated anion and fill lattice space to keep the anions and cations well separated. This dual role is illustrated for benzene in the structure around the Fe-(TPP) + cation in 1 (see Figure 1 ). The relationship of the two close-approaching benzene molecules to the cation suggests that one is primarily a ligand, while the other is a solvate. For the ligated benzene (top in Figure 2 ), the closest Fe‚‚‚C approach is short (2.82 Å), and the Fe atom is 0.16 Å out of the mean plane of the 24-atom porphyrin core toward it. The plane of the benzene ring is canted by 14.4°with respect to the mean porphyrin plane. The other benzene is farther away from the iron atom (shortest Fe‚‚‚C ) 3.18 Å) and is canted by 31.1°f rom the porphyrin plane. These features are similar to those of the corresponding p-xylene structure, 20 which also had one close-approaching and one more distant arene. The occurrence of guest molecules above and/or below the plane of fourcoordinate TPP complexes (i.e., the formation of clathrates) is a highly conserved feature of tetraarylporphyrin lattices and is driven by the difficulty of packing symmetrical bulky objects efficiently. 25 The corresponding structure with toluene is somewhat different. As shown in Figure 3 , only one arene molecule is incorporated within close proximity to the ferric ion. It clearly takes a ligand role (shortest Fe‚‚‚C ) 2.71 Å), but instead of a second solvating arene in the vicinity of the sixth coordination site, the porphyrin adopts a slipped face-to-face relationship with itself. This is a common structural motif for four-and fivecoordinate porphyrin complexes, and the mean interplanar separation of 3.53 Å is typical. 26 Table 1 compares the metric parameters for close-approaching benzene, toluene, and p-xylene interactions with Fe(TPP) + in 1, 2, and 3. In each case, the arene can be viewed as an η 2 ligand. The average Fe-C distance increases in the nonhomologous order toluene < benzene < p-xylene, suggesting that the stronger electronic interactions expected for the more electron-rich arenes are outweighed by steric effects once two methyl groups are attached to the benzene. The average ironnitrogen distance in these complexes is 1.97 (1) Å. This is comparable to the shortest reported value in an iron(III) tetraphenylporphyrin complex, that of 1.961 (5) Å in the carborane anion-coordinated species Fe(TPP)(CB 11 H 12 ). 27 The shortness of the Fe-N distances reflects the weakness of the arene interactions and suggests a very close approach to a "pure" S ) 3 / 2 spin state expected for the bare Fe(TPP) + cation, i.e., where there is complete depopulation of the antibonding d x 2 -y 2 orbital, whose lobes are directed along the Fe-N bonds. 23 Fe-(TPP)(CB 11 H 12 ) has been analyzed in terms of an admixed S ) 3 / 2 , 5 / 2 spin state, with 92% S ) 3 / 2 contribution. 27 The small size of the iron atom, compared to the relaxed porphyrin hole size, is responsible for the saddle-shaped ruffling of the porphyrin cores seen in all three structures. 26 As can be seen in the displacement diagrams shown in Figure 4 , the particular pattern of ruffling appears to be influenced by steric effects from the arene methyl groups in the toluene and p-xylene structures. Because the ruffling leads to local variations in planarity of the porphyrin core, we do not attempt to put a fine interpretation on the trend in the dihedral angles (cant angles) between the ligand arene planes and the porphyrin mean planes. In fact, the canting is remarkably similar in all three structures (15 ( 3°). Similarly, local effects make it difficult to place any interpretation on the cant angles of the lattice-filling solvate arenes. Small, local electrostatic influences are likely to control the particular orientation of weak π-π interactions with some of these lattice solvates, and, because of packing inefficiencies, they can take unpredictable orientations.
Calculated Molecular Structures. The molecular and electronic structures of the cationic porphine complexes [Fe-(porphine)] + , [Fe(porphine)(benzene)] + , [Fe(porphine)(toluene)] + , and [Fe(porphine)(p-xylene)] + have been investigated using density functional theory. It has recently been shown that this method gives the appropriate delocalized structures for the porphyrin moiety, 28-32 whereas Hartree-Fock theory leads to structures corresponding to frozen resonance forms. 33 The calculations include electron correlation, which is an important part of the description of the electronic structure of iron porphyrins. 34 (i) [Fe(porphine)] + . A full geometry optimization of the [Fe-(porphine)] + cation using nonlocal density functional methods indicates that the lowest energy state for this system is the intermediate spin state, S ) 3 / 2 . The energies of the S ) 1 / 2 and S ) 5 / 2 states lie 0.31 and 1.36 eV, respectively, above the ground state. The computed geometry of the S ) 3 / 2 complex has D 4h symmetry. The iron atom sits in the plane of the porphyrin ring. The Fe-N bond length of 1.96 Å is consistent with expectations for an intermediate spin planar iron(III) complex based on the spin state-structure correlations of Scheidt and Reed. 35 For the S ) 5 / 2 and S ) 1 / 2 structures, the Fe-N distances are calculated to be 2.03 and 1.97 Å, respectively. The other bond distances and angles agree well with reported data for iron metalloporphyrins. 28 (ii) [Fe(porphine)(benzene)] + . The molecular geometry of [Fe(porphine)(benzene)] + was optimized with the iron atom in the intermediate S ) 3 / 2 spin state. The benzene molecule binds to the iron atom in an η 2 fashion, and, with no symmetry restraints, the Fe-C distances are 2.81 and 2.76 Å. The overall point group symmetry of the complex is close to C s . Optimization of the complex using a model with imposed C s symmetry gives a structure of insignificantly different energy (0.23 kcal/ mol). The iron atom lies 0.16 Å out of the mean plane of the porphine toward the benzene carbon atoms, with an Fe-C distance of 2.79 Å. The average Fe-N distance is 1.97 Å. The benzene molecule is canted with respect to the porphine plane by 14.8°. The benzene C-C bond η 2 with respect to the iron atom (1.392 Å) is lengthened relative to that calculated for isolated benzene (1.381 Å). The binding energy of the benzene molecule to the iron porphyrin cation was calculated to be -14.6 kcal/mol.
(iii) [Fe(porphine)(toluene)] + and [Fe(porphine)(p-xylene)] + . The molecular geometries of the toluene and p-xylene complexes of iron porphine were calculated as above. In the toluene complex, there are two possible η 2 bonding situations. One has the ortho and meta carbon atoms binding to the iron atom, while the other, as found experimentally, has the meta and para carbon atoms bound. Calculation shows that both modes are possible and that only a 0.2 kcal/mol difference exists between them, indicating the flatness of the arene-iron porphyrin potential surface. In the p-xylene complex, the C-C bonds to the methyl groups lie parallel to an N-Fe-N vector, and the ortho and meta carbon atoms are bound to the iron atom in an η 2 mode ( Figure 5 ). This is the same as what is observed experimentally. In both the toluene and xylene cases, the dimensions of the iron porphyrin moiety and the orientation of the arene are similar to those calculated for the [Fe(TPP)-(benzene)] + cation. Data for all three complexes are compared in Table 2 . The iron atoms are displaced from the porphyrin plane by 0.19 Å for benzene, 0.18 Å for toluene, and 0.24 Å for xylene, reflecting an increasing interaction with increasing basicity of the arene. In the experimental data, on solid-state TPP rather than in vacuo porphine complexes, steric effects apparently lead to the opposite ordering. The average calculated Fe-C distances are 2.79 Å for benzene, 2.72 Å for toluene, and 2.75 Å for p-xylene. As with the experimental data, the lack of an homologous trend must result from a competition between electronic effects and local steric effects. The steric effects of the methyl groups are minimized by the electronically desirable nestling of their C-H bonds close to the centers of pyrrole rings. This can be seen for xylene in Figure 5 and is similar in the toluene structure. The planes of the arenes are canted with respect to the porphyrin mean plane by 14.8, 14.9, and 18.6°for benzene, toluene, and xylene, respectively, not very different from those determined experimentally. This suggests that a canting of ca. 15°is an intrinsic feature of the arene/iron porphyrin interaction. Consistent with increasing basicity, the arene binding energies increase in the order benzene < toluene < p-xylene, mirroring the trend in Fe atom out-of-plane displacements. The calculations reveal a small alternation of C-C bond lengths in the coordinated arenes, the expected result of some degree of π localization. However, at ca. 0.01 Å, these are at the margins of statistical significance in the experimental data.
The agreement between the calculated and experimental structures is very satisfying. Nevertheless, we decided it would be worthwhile to calculate the effect of a solvating arene on the opposite face of the porphyrin in an [Fe(TPP)(arene)] + structure. The dimensions of [Fe(porphine)(benzene)] + were compared with and without solvates held at crystallographically determined positions. Full geometry optimization with a solvating benzene molecule positioned as in 1 gave a structure showing only small changes in the arene-porphine binding parameters. This is not too surprising because, with an areneto-porphyrin cant angle of 31.1°, the solvating benzene in 1 is not well positioned for good π-π interactions. However, full geometry optimization places the solvating benzene molecule in a nearly coplanar position (cant angle 5°), as found in the p-xylene structure 3. The iron atom is pulled back toward the porphyrin plane (Fe‚‚‚Ct p ) 0.15 Å), and the Fe-C distances are lengthened to 2.99 Å. This finding supports experimental a Cb1 and Cb2 are the coordinated carbon atoms. b CtP is the center of the mean plane of the 24-atom porphyrin core (P24). c Cant angle between the mean plane of the 24-atom porphyrin core and the mean plane of the 6-atom arene ring. findings in manganese tetraphenylporphyrin chemistry 21 and has wider significance. It suggests caution in trying to put too fine an interpretation on out-of-plane displacements in metalloporphyrins when the presence or absence of solvation near a vacant site is not taken into account. This comment also applies to the effects of face-to-face orientation in metalloporphyrins.
Molecular Orbitals and Charge Distribution. Ligand field theory predicts the ground-state electronic structure of the [Fe-(porphine)] + cation to be intermediate S ) 3 / 2 spin, with d x 2 -y 2 unoccupied. A spin-unrestricted DFT calculation assigns different spatial orbitals for the different spins, so it can be difficult to directly relate these results to a ligand field model. However, in this case, it is clear that the occupied d orbitals for R spins are z 2 , xy, xz, and yz, while for the spins only the xy orbital is occupied. These may be mapped to an (xy) 2 (z 2 ) 1 (xz,yz) 2 ligand field configuration.
An examination of the form of the molecular orbitals in the [Fe(TPP)(benzene)] + cation ( Figure 6) indicates that the only significant covalent interaction between benzene and iron(III) porphine involves the e 1g HOMO of benzene and the d z 2 orbital of iron. This bonding interaction with one component of the e 1g is illustrated in blue in Figure 7a . For comparison, the interaction of the other component of the e 1g with d xz is weak (Figure 7b ).
Mulliken population analysis of the charge distribution for the [Fe(TPP)(benzene)] + cation indicates an overall transfer of charge from the benzene to iron porphine of 0.1992 e. However, there is little change in the electron density at the iron atom upon binding benzene (decreasing slightly from 0.9228 to 0.8725 e), indicating effective charge delocalization over the Fe-(porphine) moiety.
The relative contributions of Pauli repulsion, orbital, and electrostatic contributions to the binding energy have been analyzed in terms of iron porphine and benzene fragment orbitals. 36 The Pauli, electrostatic, and orbital contributions to the binding energy of the two unrelaxed fragments are 23.5, -32.5, and -30.6 kcal/mol (total -39.6), respectively. This can be compared with values of 9.7, -19.0, and -14.2 kcal/mol (total -23.5) for the sodium cation-benzene complex and 6.1, -5.3, and -12.8 kcal/mol (total -12.0) for the sodium cation-1,3,5-trifluorobenzene complex. 7 In the sodium cation-arene complexes, it has previously been estimated, from inspection of electrostatic potential maps, that the electrostatic contribution to the binding energy of the sodium ion to benzene and 1,3,5 trifluorobenzene is ca. 60% and 0.0%, respectively. Intriguingly, these variations are mirrored by the "steric repulsion" (the sum of the Pauli and electrostatic terms, which represent ca. 63% and -6% of the binding energy, respectively). In these terms, the benzene-iron porphine complex has a steric repulsion contribution of 23% and thus a significantly higher orbital contribution than for the alkali metal-arene complexes. This covalence is in keeping with the observed benzene-iron d orbital interactions. us to consider the curved aromatic surface of C 60 as a comparable ligand. The electron-rich 6:6 ring juncture C-C bonds of C 60 are less sterically hindered than the C-C bonds of an arene, and coordination of C 60 to metals is believed to be enhanced by the release of curvature strain. 37 We had explored this possibility earlier with chromium tetraphenylporphyrin complexes, only to find that toluene preferentially crystallized with Cr II (TPP) and that C 60could not compete with THF solvent for coordination to Cr III (TPP) + . 38 A fairly large number of low-valent transition metal complexes of fullerenes have been reported, 39 and their bonding is generally viewed as covalent. Only while this manuscript was being prepared did the first example with a metalloporphyrin appear, coordination of C 60 to Ru II (OEP) (OEP ) octaethylporphyrinate) being detected by NMR and IR spectroscopy. 40 Ruthenium(II) is a relatively soft, low-valent metal center, so the binding of C 60 to a hard iron-(III) center in the present work represents a potential new class of fullerene-metal coordination. Fullerene interactions with Zn-(TPP) are the apparent basis of a chromatographic separation of fullerenes on a stationary phase having Zn(TPP) appended to silica, 41 and a 2Co(OEP)‚C 60 cocrystallate has been isolated. 39 However, the fullerene/porphyrin interactions in these situations are not believed to involve metal ligand bonding. Figure 8 shows the unit cell packing diagram for the X-ray crystal structure of [Fe(TPP)(C 60 )][F 20 -BPh 4 ]‚2.5dichlorobenzene (4). C 60 is coordinated to one side of the Fe(TPP) + cation. On the other side there is a dichlorobenzene molecule taking a similar solvating role to the noncoordinated arenes seen in 1 and 3. The remainder of the space is filled by the F 20 -BPh 4anions and further lattice dichlorobenzene molecules. Inspection of stereo packing diagrams reveals two F 20 -BPh 4anions engaged in parallel fourfold fluorophenyl embrace (P4PE), similar to those observed by Scudder and Dance in structures of tetraphenylphosphonium cations. 3 Figure 9 shows details of the coordination of C 60 to Fe(TPP) + . When projected onto the porphyrin plane, the coordinated C-C bond is approximately aligned with an N-Fe-N vector of the porphyrin. Unexpectedly, this olefinic 6:6 ring juncture bond is coordinated in an unsymmetrical η 2 fashion: Fe-C(av) ) 2.63 and 3.11 Å. This close approach of a carbon atom to Fe is shorter than those in any of the arene complexes 1-3 (see Table  1 ). The approach of C 60 to the heme is also slightly closer than those in the naturally assembling van der Waals complexes of C 60 to free-base tetraarylporphyrins (2.70-2.98 Å π-π separation). 42 This suggests the presence of a covalent Fe-C interaction, and one that is somewhat different from the familiar symmetrical η 2 binding of fullerenes to transition metals. The iron atom is displaced 0.015 Å out of the mean 24-atom porphyrin core and 0.045 Å out of the N4 plane toward the fullerene, also suggestive of some covalent interaction. The Fe-(TPP) + moiety has essentially the same dimensions as those seen in the arene complexes 1-3, including a similar ruffling of the porphyrin core to 1 and 3. The magnitude of the saddle type ruffling in 4 is, however, considerably greater than that in 1 or 3. The appropriate displacement diagram is shown in Figure  10 for comparison to Figure 4 . The average displacements for the C R , C , and C meso atoms are 0.115, 0.360, and 0.057 Å, respectively, compared to 0.017, 0.039, and 0.028 Å for 1, 0.103, 0.180, and 0.180 for Fe(OClO 3 )(TPP), 43 and 0.390, 1.079, and 0.050 Å for the heavily distorted Zn(MeOH)(OETPP). 44 The structure of [Fe(TPP)(C 60 )] + presages a new class of fullerene complexes and bonding modes that remain to be fully understood. In the cocrystallate 2Co(OEP)‚C 60 , where face-toface Co(OEP) dimers sandwich C 60 units in an infinite chain structure, metal-fullerene covalent bonding is believed to be absent. 39 This is based on the long Co-C distances (2.7-2.9 Å) and the absence of an out-of-plane displacement of the cobalt atom. An alternate view is that the cobalt is weakly sixcoordinate with balancing Co-C and Co-N interactions (the latter from the face-to-face porphyrin dimer). One interesting observation about 4 concerns its color. Unlike van der Waals fullerene/porphyrin conjugates, which retain the purple colors of the individual chromophores, 42 crystals of 4 are green. This indicates fullerene-to-iron charge transfer and is consistent with some degree of covalent Fe-C bonding. Such charge-transfer complexes are of interest with respect to possible new organic conductors. 45 Conclusion. This work establishes a covalent component to the weak binding of arenes to iron(III) porphyrin cations. A similar situation with fullerenes is likely. It requires that benzene should be considered a bone fide ligand, even to such hard metals as Fe(III). This complexation has distinctive structural features that differentiate it from π-π solvation or a purely electrostatic attraction, although it is likely there is a continuum of interactions between these definitional ideals. The M-C distances and cant angles of Co(F 28 -TPP)‚2toluene, 46 2toluene, 47 and Co(F 20 -TPP)‚benzene 48 (3.05, 3.05, and 3.09 Å, and 11.9°, 10.7°, and 6.0°respectively) suggest a progression of decreasing covalence toward the van der Waals ideal.
In a broader context, this study suggests that solvents such as benzene must be considered as potential ligands in any situation where coordinatively unsaturated cations are generated. Indeed, the recent characterization of a heptane complex of an iron(II) porphyrin 49 suggests there is really no such thing as a noncoordinating solvent. Many vacant coordination sites in solution-phase chemistry are best viewed as convenient fictions unless solvent molecules are physically excluded by steric effects. One suspects that in even the simplest of Lewis acidbase adducts, there is covalence in the interaction. Certainly the rather common use in supramolecular chemistry of the term "noncovalent" to describe entities brought together with metalligand bonds 50 must be viewed as potentially misleading. The term "coordinatively bonded" is preferable.
Experimental Section
Synthesis. All manipulations were carried out under anhydrous conditions in an inert atmosphere glovebox. (3s,3p,3d,4s ). The inner electron configurations were assigned to the core and were treated using the frozen core approximation. All calculations were carried out using the local density approximation due to Vosko, Wilk, and Nusair, 53 with nonlocal corrections for exchange due to Becke, 54 with nonlocal corrections for correlation due to Lee, Yang, and Parr. 55 Full geometry optimizations were carried out for the [Fe(porphine)] + cation together with the benzene, toluene, and p-xylene adducts. A symmetry-constrained optimization for [Fe-(porphine)] + and [Fe(TPP)(benzene)] + using D4h and Cs symmetry, respectively, gave the same structures and energies as the unconstrained calculation. All open-shell calculations were spin unrestricted, with a spin quartet (S ) 3 /2) ground state. Crystallography. The single-crystal X-ray data collection for 1 was performed on a Siemens P4/CCD diffractometer using Mo KR radiation at -115°C by Dr. Joseph W. Ziller at the University of California, Irvine. The structure was solved by direct methods using SHELXTL version 5.1 56 and refined on F 2 by full-matrix least-squares techniques, giving a final R1 value of 5.65% on 10 136 reflections, with I > 2σ(I) (R1 ) 10.8 (all data)). All atoms, except the hydrogens, were refined anisotropically, giving acceptable Uij values. The hydrogens were located upon refinement but were allowed to refine using the riding atom model. Data for 2 were collected using a Siemens P21 diffractometer using Mo KR radiation at a temperature of -100°C at the University of Southern California. The structure was solved using direct methods as described for 1, with the exception that not all hydrogens were located by refinement. The final R-factor was 5.61% on 5147 reflections, with I > 2σ(I) (R1 ) 7.11% (all data)). Data for 4 were obtained on a Siemens SMART diffractometer with a CCD area detector using Mo KR radiation at a temperature of -70°C at The University of Auckland. The structure was solved by direct methods using SHELXS-97 57 and refined on F 2 using SHELXL-97. 58 Hydrogen atoms on the porphyrin molecule were incorporated at calculated positions and included in the final refinement using a riding atom model. The iron porphyrin and tetra(pentafluorophenyl)borate moieties were clearly defined in difference density maps. While the position of the fullerene was clear, it was apparent that it was disordered. In this structure, it was possible to resolve two C60 moieties, and these were refined under bond length constraint. Three 1,2-dichlorobenzene solvent molecules were identified from difference density maps. All were refined using rigid groups for the benzene ring. The final R-factor was 9.4% on 11 847 reflections, with I > 2σ(I) (R1 ) 12.7% (all data)). It was apparent that one solvent molecule was only half-occupied. While the final refinement was satisfactory, it was apparent that the dichlorobenzene solvent molecules were not well defined. To further investigate this, the SQUEEZE function of the program PLATON 59, 60 was used to examine the dichlorobenzene-containing cavities. It was found that the total electron density in these cavities corresponded well to 2.5 dichlorobenzene molecules. A refinement using reflections modified by the SQUEEZE procedure behaved well, and the geometries of the fullerene, iron porphyrin, and borate anion were in good agreement with the model above incorporating the dichlorobenzene molecules, although, of course, the R-factors were significantly reduced. Essential crystal and refinement data are given in Table 3 . Full details are available in the Supporting Information.
